Purpose of Review The goal of this review is to summarize our current knowledge regarding how ABL family kinases are activated in solid tumors and impact on solid tumor development/progression, with a focus on recent advances in the field. Recent Findings Although ABL kinases are known drivers of human leukemia, emerging data also implicates the kinases in a large number of solid tumor types where they promote diverse processes such as proliferation, survival, cytoskeletal reorganization, cellular polarity, EMT (epithelial-mesenchymal transition), metabolic reprogramming, migration, invasion, and metastasis via unique signaling pathways. ABL1 and ABL2 appear to have overlapping but also unique roles in driving these processes. In some tumor types, the kinases may act to integrate pro-and anti-proliferative and pro-and anti-invasive signals, and also may serve as a switch during EMT/MET (mesenchymal-epithelial) transitions. Summary Most data indicate that targeting ABL kinases may be effective for reducing tumor growth and preventing metastasis; however, ABL kinases also may have a tumor-suppressive role in some tumor types and in some cellular contexts. Understanding the functions of ABL kinases in solid tumors is critical for developing successful clinical trials aimed at targeting ABL kinases for the treatment of solid tumors.
Introduction to ABL Kinases
The ABL (ABL1) non-receptor tyrosine kinase (encoded by the ABL1 gene) was first identified as the oncogene from the Abelson leukemia virus and later characterized as a critical driver of leukemia due its activation as a result of chromosomal translocation (see below). These studies were followed by a series of manuscripts that uncovered normal cellular functions of ABL1 and its homolog, ABL2 (also known as ABL-related gene, Arg; encoded by the ABL2 gene), demonstrating that the kinases are activated by growth factor signals and adhesion and regulate growth, actin cytoskeletal rearrangement, and motility [1] [2] [3] [4] . Subsequently, studies over the past 10-12 years have uncovered a role for ABL kinases in solid tumors, in addition to leukemia. This review will focus on recent data which add to our understanding regarding how ABL kinases are activated in solid tumors, as well as the unique mechanisms that they utilize to drive tumor progression.
Structure and Regulation ABL1 and ABL2 are highly homologous, particularly in their N-termini, which contain a myristoylated residue that target the proteins to the plasma membrane (1b isoforms), as well as SH3, SH2, and kinase domains (reviewed in [5] [6] [7] [8] ). The 1a isoforms, which contain an alternatively spliced first exon, do not contain the myristoylated residue. The C-termini are more divergent. Both proteins contain PxxP motifs that bind SH3-containing proteins, as well as conserved F-actin-binding domains (reviewed in [5] [6] [7] [8] ). ABL1 has a DNA-binding domain, nuclear localization and export signals, and a G-actin binding domain that are not present in ABL2, and ABL2 contains a microtubule-binding domain [9] . As a result, ABL1 localizes to the plasma membrane, cytoplasm, and nucleus, whereas ABL2 resides in the cytoplasm and at F-actin-rich sites, (e.g., plasma membrane, focal adhesions) (reviewed in [5] [6] [7] [8] ). The catalytic activities of ABL kinases are tightly controlled to prevent oncogenic activity. The kinases are negatively regulated via autoinhibitory interactions: (a) the Nmyristoylated residue binds the C-lobe of the kinase domain, (b) the SH3 domain binds PxxP motifs in the C-terminus, and (c) the SH2-domain binds internal phosphotyrosines [see the following reviews for detailed structural diagrams [5] [6] [7] [8] 10] . ABL1/ABL2 also are negatively regulated by F-actin [11] , lipids [1, 12, 13] , negative regulatory proteins [11, [14] [15] [16] [17] [18] , and phosphatases [19, 20] . Their activities are stimulated by mutations or binding of proteins that disrupt the autoinhibitory interactions, loss of expression of cellular inhibitors, and autoand transphosphorylation (mediated by Src Family KinasesSFKs) of kinase domain and interlinker (between the kinase and SH2 domains) residues [2, 5-8, 18, 21] .
ABL Kinases as Leukemia Drivers ABL1 and ABL2 are best known for their role in driving leukemia development. The t(9;22) Philadelphia (Ph + ) chromosome, which is present in > 95% of patients with chronic myelogenous leukemia (CML), occurs as a result of a translocation between chromosomes 9 and 22, which results in a BCR-ABL1 chimeric fusion protein. This protein, which has constitutively active ABL1 kinase activity, induces leukemia by increasing myeloid cell proliferation and survival (reviewed in [5] [6] [7] [8] ). In addition to BCR, ABL1 (and more rarely, ABL2) also is translocated next to other genes and the resulting chimeric proteins are involved in the genesis of other leukemias (reviewed in [5] [6] [7] [8] ). Subcellular Localization Unlike ABL2, which is exclusively cytoplasmic/membrane associated, ABL1 localizes to both the nucleus and cytoplasm and has distinct roles in the two compartments. Constitutively active forms of ABL1 (e.g., BCR-ABL, v-ABL, and Abl-P242/P249E) are cytoplasmic, and agents/mutations that inhibit nuclear export result in proapoptotic rather than oncogenic proteins [22] [23] [24] . Moreover, signaling molecules that activate endogenous cytoplasmic ABL1 (growth factors/RTKs, cytokines/cytokine receptors) are distinct from those that activate nuclear ABL1 (DNA damaging agents), and downstream pathways/proteins activated by cytoplasmic ABL1 (e.g., cytoskeletal proteins) are distinct from those activated by nuclear ABL1 (e.g., DNA damage response (DDR) proteins) [18] . Thus, activation of cytoplasmic ABL1 induces proliferation and migration, whereas activation of nuclear ABL1 induces apoptosis [5-8, 11, 25] .
ABL Inhibitors
The first-generation, ATP-competitive ABL1/ ABL2 tyrosine kinase inhibitor (TKI), imatinib, has been utilized for decades to treat BCR-ABL + CML [26] . However, despite high response rates, primary and secondary resistance is common and results in shorter progression-free survival [26] . Secondary/acquired resistance develops via a variety of mechanisms including point mutations that prevent drug binding [26, 27] . Nilotinib (second-generation TKI), dasatinib, and bosutinib inhibit most point mutations that drive resistance; however, they are not effective for the T315I gatekeeper mutation [26, 27] . Ponatinib (third-generation TKI) and a newer drug, GNF-7, are effective for T315I [26] [27] [28] [29] , as are allosteric inhibitors (see below). Other drugs that target ABL kinases such as danusertib and rebastinib (Aurora kinase and TIE2 inhibitors, respectively) also are effective against T315I; however, phase I trials using these compounds have been suspended due to lack of efficacy [27] . The advantage of ATP-competitive inhibitors is their high potency; however, they are not selective and have additional drug targets. Imatinib and nilotinib also target CSF1R, DDR1/2, KIT, and PDGFRA/B; dasatinib targets more than 50 kinases, including SFKs, and ponatinib inhibits SFKs, FGFR, VEGFR, TRK, and TEK, in addition to ABL1 and ABL2 [5] . Highly specific allosteric inhibitors that bind the N-myristoyl binding pocket of the C-lobe of the kinase domain have recently been developed (GNF-2, GNF-5); however, these are less potent than TKIs [30] [31] [32] [33] . A newer analog with increased potency (ABL001; a.k.a. asciminib) is currently in clinical development [34•] . ABL001 is well-tolerated and has significant activity in previously treated CML patients who have TKIresistant mutations [27, 34•] . Unfortunately, mutations develop in the myristoyl binding pocket which confers resistance to ABL001 [35] . Clinical trials are now focused on the use of ABL001 in combination with nilotinib, imatinib, or dasatinib as animal data indicate that nilotinib/ABL001 resistance profiles do not overlap [34•] .
Mechanism of ABL1/ABL2 Activation in Solid Tumors
Emerging evidence over the past decade indicates that ABL1 and ABL2 also play important roles in solid tumors. ABL kinases are phosphorylated and/or activated in melanoma, gastric, liver, prostate, colon, breast, ovary, pancreatic, and cervical cancers, as well as in glioblastoma (GBM) (reviewed in [5] [6] [7] [8] ; recent papers are discussed below). Generally, the mechanisms by which ABL1 and ABL2 are activated in solid tumors are distinct from the translocation events that activate the kinases in leukemia.
mRNA/Protein Upregulation Early reports showed that ABL1 and more consistently ABL2 mRNA and/or protein was highly expressed in a variety of solid tumors from patients; however, the reports lacked mechanistic data showing that ABL1 or ABL2 overexpression contributes to the disease state (reviewed in [5, 6] ). Examination of the cBioPortal website for Cancer Genomics reveals that ABL1 and ABL2 are amplified or their mRNAs are increased in a subset (5-15%) of a variety of solid tumors (e.g., breast, stomach, ovary, head and neck, lung, pancreas). Moreover, ABL1 genomic gains of > 25% are observed in prostate cancer [36] , and ABL1 mRNA is part of a 5-gene urine screen for bladder cancer [37, 38] . Since ABL1 and ABL2 are tightly regulated, low-level overexpression is insufficient to activate the kinases and other events also are required for activation (e.g., loss of negative regulation, activation of upstream activators) [39] . However, increased expression may constitute an important step in activation. Indeed, ABL1 and ABL2 mRNA/protein levels are increased in a majority of melanoma lines (25 were queried), which suggests that increased expression is likely critical for the disease process [40•] . However, the kinases are only activated in 40-60% of the lines indicating that other alterations (e.g., differences in the genetic make-up of the lines) also contribute to activation [40•] . Importantly, ABL1 and/or ABL2 mRNAs are associated with disease progression in melanoma, breast cancer, and hepatocellular carcinoma [40•, 41-43] , confirming that mRNA upregulation is indeed an important step in ABL kinase activation. Consistent with these data, downregulation of microRNAs (miRNAs, miRs) that inhibit ABL1/2 expression also drives disease development. ABL1 is a direct target of miR-3127-5p, which is downregulated in non-small cell lung cancer (NSCLC) patients and is associated with a poor prognosis [44] ; miR-3127-5p and ABL1 expression is inversely correlated in patient samples; and loss of miR-3127-5p correlates with dasatinib sensitivity in NSCLC lines lacking KRAS mutations [44] . Likewise, miR-125a-5p, which is downregulated in cervical cancer cell lines and primary tumors, directly targets ABL2, and ABL2 knockdown parallels the effects of miR-212a-5p overexpression on proliferation/ migration [45] . Finally, miR-4723, whose loss is associated with decreased prostate cancer survival, represses ABL1 and ABL2 mRNAs, silencing ABL1 phenocopies re-expression of miR-4723, and miR-4723 and ABL1 are inversely correlated in prostate cancer specimens [46] .
Tyrosine Kinase-Mediated Phosphorylation Since receptor tyrosine kinases (RTKs) and SFKs activate ABL kinases in fibroblasts [2, 12, 21, 25] , early studies tested whether these kinases are involved in ABL1/2 activation in solid tumors. Indeed, activated RTKs (EGFR, ErbB2/Her-2, IGF1R, Ron, MET), cytokine receptors (CXCR4), and SFKs contribute to ABL1/2 activation in breast cancer; PDGFR and EGFR activate the kinases in GBM; SFKs and IGF1R contribute to increased ABL1/2 activity in melanoma; and MET, PDGFR, and RET RTKs activate ABL1/ABL2 in liver, colon, and thyroid cancer, respectively [5-8, 47-49, 50, 51••, 52••, 53, 54] . Moreover, EML4-ALK, a constitutively active form of the RTK, ALK, an oncogenic driver for non-small cell lung cancer (NSCLC), also induces ABL1/2 activation [50] . Interestingly, visfatin, a secreted adipocytokine that promotes breast cancer growth and metastasis, induces ABL tyrosine phosphorylation and downstream signaling potentially via an RTK [55] . RTKs may indirectly activate ABL1/2 via activation of non-receptor tyrosine kinases (e.g., SFKs) that directly phosphorylate and activate ABL kinases [2, 21] . Indeed, another non-receptor tyrosine kinase, PYK2/FAK, also activates ABL kinases in breast cancer cells [56] . Alternatively, RTKs might directly phosphorylate ABL1/ ABL2 [12] . Interestingly, although silencing/inhibiting SFKs and RTKs reduces ABL1/2 activity, in most cases, their activities are not reduced to levels observed in non-transformed cells [48, 49, 51 ••]; thus, additional alterations likely also contribute to ABL1/2 activation in solid tumor cells.
Stimulation of Autocatalytic Activity Disabled-1 (DAB1), a positive regulator of ABL, acts downstream of the Notch signaling pathway. In human colon cancer cells, DAB1 binds ABL1, and stimulates its autophosphorylation and activation, which drives invasion/metastasis [57••] .
Serine/Threonine Phosphorylation In addition to tyrosine phosphorylation, which directly activates ABL1/2, serine/ threonine phosphorylation also can alter ABL1 function. In HeLa cells, ABL1 is phosphorylated on T735 by the TTK kinase, 14-3-3 proteins bind T735, which masks ABL nuclear localization signals, thereby inducing ABL1 cytoplasmic retention and subsequent transforming activity [58] . Likewise, in melanoma cells, BRAF Loss of Inhibitory Interactions Loss of expression of negative regulatory proteins, which stabilize the inactive conformation of the kinases, also can activate ABL1 in solid tumors. The stearic acid-modified form of the FUS1 (TUSC2) tumor suppressor, whose expression is downregulated in a majority of NSCLC primary tumors, is an ABL1 inhibitor, and FUS1 loss induces ABL1 expression, activity, and oncogenic behavior [16] . Binding of proteins to the ABL1/2 SH3 domains or PxxP motifs also induces loss of autoinhibition and, thus, contributes to their activation in solid tumors. Birge and colleagues demonstrate that binding of the negative regulator, Abi1, to ABL1 polyproline motifs in GBM cells, competitively inhibits binding and subsequent phosphorylation of the ABL1 substrate, CRK, which binds the same motifs [52••] . Moreover, phosphorylation of CRK induces a feedforward mechanism to further activate ABL1 [52••] . Thus, differential binding of Abi1 and CRK controls the invasive behavior of GBM cells, and GBMs harboring low levels of Abi1 and high levels of pCrk-Y251 may serve as a biomarker for GBMs that are more likely to respond to imatinib [52••] .
In summary, increased expression, phosphorylation by kinases, loss of expression of negative regulators, and binding of substrates contribute to ABL kinase activation in solid tumors. Future research is needed to determine whether this entire sequence of events is required for full activation.
Mutational Activation The era of next-generation sequencing has revolutionized our ability to identify low-frequency mutations. In addition to being activated by upstream signals, a query of cBioportal and Cosmic primary tumor databases indicates that ABL1 and ABL2 mutations exist in a small percentage of a variety of solid tumor types (5-10%). The Cancer Cell Line Encyclopedia website also reveals ABL1 and ABL2 mutations in cell lines from a variety of different cancers. Mutations identified in cell lines/primary tumors are not concentrated in particular hot spots, which suggests that they could be passenger mutations rather than oncogenic drivers. However, many mutations occur within conserved residues in domains that are critical for ABL1/ABL2 function, indicating they may be clinically relevant. Recently, Brognard and colleagues characterized mutations from lung cancer cell lines and solid tumors [59••] . They identified two ABL1 kinase domain mutations (R351W, G340L) which result in proteins that are primarily cytoplasmic and drive NSCLC viability [59••] . Interestingly, ABL1 mutations observed in primary lung, breast, and skin tumors (R166K, A137S, I242M, R712S, and P806L) had elevated tyrosine kinase activity, even though the mutations resided in regions outside the kinase domain (interlinker, SH2 domain, C-terminus) [59••] . Thus, some ABL mutations identified in cell lines/primary tumors indeed have functional consequences. Further experimentation is needed to characterize additional mutations as identification of small tumor subsets driven by ABL mutations could define groups of patients that are exquisitely sensitive to ABL inhibitors, akin to ALK mutations in NSCLC [60] .
DNA Damage-Mediated Activation of Nuclear ABL1 Ultraviolet light, ionizing radiation, and genotoxic stress induced by cytotoxic chemotherapeutic agents, which induce high levels of reactive oxygen species (ROS), activate the nuclear pool of ABL1 [5, 11, 18] . Once activated nuclear ABL1 induces cell cycle arrest and apoptosis as part of the DNA damage response (DDR) [5, 11, 18] . This topic has been reviewed elsewhere and will not be covered here [11, 61] .
ABL Kinases Regulate Tumor Growth
Growth and Survival Since cytoplasmic ABL kinases are activated by growth factors and cytokines, they promote cell cycle progression in cancer cells that have upregulated growth factor/receptor pathways. In breast cancer cells, ABL kinases promote anchorage-independent growth, survival in response to nutrient deprivation, and proliferation induced by IGF-1R, EGFR, RON, and estrogen receptor (ER)-α via various pathways including Rac/ERK5, BRAF/ERK [49, 51••, 53, 62, 63] . Interestingly, in some breast cancer cell lines, proliferation is mediated by ABL2 and not ABL1 (BT-549) [49] , whereas in other lines (MDA-MB-231), ABL2 has an anti-proliferative role [64] . In MDA-MB-231 and MDA-MB-468 breast cancer cells, EGFR and ABL kinase inhibitors synergize to prevent in vitro and in vivo growth by inhibiting nuclear translocation of β-catenin and subsequent repression of the long non-coding RNA (lcRNA), HOTAIR, a known tumor promoter [65] . In HeLa cervical cancer cells, ABL1 promotes proliferation, mitotic entry, and xenograft growth by phosphorylating and stabilizing the serine/threonine kinase, polo-like-kinase-1 (PLK1), an essential mitotic regulator [66•] . Stable silencing of ABL1 also dramatically blocks proliferation and xenograft growth of glioblastoma cells [67] , and in gastric and hepatocellular carcinoma cells, ABL1 is required for proliferation and anchorage-independent growth downstream of MET [68] . In melanoma, ABL1 and ABL2 are both required for proliferation, potentiate BRAF V600E -mediated proliferation, and induce in vivo growth of melanomas harboring BRAF V600E and PTEN mutations [51••, 69] . In most cases, the pro-proliferative role of ABL1 is linked to activation of cytoplasmic signaling pathways (e.g., Rac/ ERK5, BRAF/ERK), implicating the cytoplasmic pool of ABL1. However, some data suggest that nuclear ABL1, in some contexts, might also have oncogenic roles. Geminin is a nuclear protein involved in maintaining chromatin integrity. In basal-like breast cancer cells with high geminin expression, ABL1 is primarily nuclear; it phosphorylates geminin in G2/ M cells and, silencing/inhibiting ABL1, converts geminin from an oncogene to a pro-apoptotic protein, thereby inhibiting xenograft growth and recruitment of mesenchymal stem cells [70, 71] . Likewise, following activation by the RON RTK, ABL1 phosphorylates proliferating cell nuclear antigen (PCNA), inducing its association with chromatin and subsequent proliferation of breast cancer cells [53] . Although these reports suggest an oncogenic function for nuclear ABL1, they do not rule out the possibility that cytoplasmic ABL1 phosphorylates these proteins prior to their nuclear localization.
Metabolism In contrast to normal cells, which rely primarily on mitochondrial oxidative phosphorylation to generate energy for growth/survival, cancer cells utilize aerobic glycolysis even in the presence of functional mitochondria (Warburg effect), which results in low-level, increased steady-state ROS that promotes proliferation [72] . Fumarate hydratase, an essential tricarboxylic acid cycle (TCA) gene, is mutated in hereditary kidney cancer, and its expression also is reduced in other cancers. Loss of fumarate hydratase function results in fumarate accumulation that drives aerobic glycolysis [73••] . ABL1 is indirectly activated by fumarate, promotes aerobic glycolysis via activation of the mTOR-HIF1α pathway, and induces NRF2 transcription/activity, which protects cells from ROS-induced injury [73••] . Moreover, ABL1 has been postulated to mediate gastric cancer development following activation by depression-induced oxidative stress [74] . Consistent with the above reports, multiple metabolic pathway genes that regulate energy metabolism are altered in MCF-7 cells expressing ABL1/ABL2-targeted siRNA [75] . Taken together, these data indicate that ABL kinases likely play an important role in metabolic reprogramming in cancer cells; however, additional data are needed to solidify their role in this process.
Tumor Progression and Metastasis Driven by ABL Kinases
In addition to tumor initiation/proliferation, ABL kinases also regulate numerous processes that contribute to tumor progression, and in recent years, in vivo studies demonstrate that ABL kinases drive tumor metastasis/recurrence.
Regulation of Cytoskeletal Dynamics Actin polymerization is critical for cell polarity, which is essential for suppression of tumor initiation; actin reorganization is necessary for directed migration during tumor progression; and alteration of microtubule dynamics influences proliferation [76] . ABL kinases (particularly ABL2) regulate actin polymerization via effects on WAVE complexes and cortactin, which activate the Arp2/3 complex to promote actin filament stabilization and branching, and ABL2 also controls microtubule bundling and assembly [18, 77] . ABL proteins bind WAVE2 directly and indirectly via Abi1 [78, 79] ; the WAVE2 complex regulates ABL activity; and ABL kinases bidirectionally phosphorylate WAVE2 [80] . Ena/VASP proteins (Mena, EVL, VASP) cooperate with the WAVE complex to regulate the actin cytoskeleton, and lamellipodin is a binding partner [81] . In basal-like breast cancer cells, ABL-mediated phosphorylation of lamellipodin, which induces its binding to Scar/WAVE and Ena/VASP complexes, is critical for EGFmediated directed migration and invasion [81] . In epithelial cells, ABL activation by HGF/MET induces RHOAdependent actomyosin contractility and migration/invasion in breast cancer models [54] . ABL kinases also promote migration and invasion of glioblastoma [67] , melanoma [69, 82] , prostate [83] , cervical [45] , and hepatocellular carcinoma cells [41, 84] . Invadopodia formation (actin-rich protrusions from the plasma membrane that catalyze matrix degradation) are critical for invasion. Activation of ABL2 promotes invadopodia maturation in breast cancer cells by binding/ phosphorylating cortactin and subsequent Arp2/3-mediated actin polymerization [77, 85, 86] . ABL2 also interacts with and phosphorylates MT1-MMP a critical regulator of invadopodia in breast cancer cells, whereas in melanoma cells, ABL1 and ABL2 induce MMP-1, MMP-3, and MT1-MMP mRNA/protein expression and secretion [69, 87] . In colon cancer cells, NOTCH->disabled (DAB)-1 signaling activates ABL1, which phosphorylates the RHO-GEF, TRIO, a proinvasive modulator of the actin cytoskeleton [57••] . Finally, ABL1 also influences microtubule assembly by phosphorylating PLK1, which phosphorylates plus-end microtubule-binding proteins, which regulate cytokinesis [66•] .
Epithelial-Mesenchymal Transition
The epithelialmesenchymal transition (EMT) is a critical step in invasion and metastasis of epithelial-derived cancers. Cells lose epithelial polarity, cell-cell junctions are dissolved, and cells acquire a mesenchymal phenotype characterized by increased migratory capacity and an enhanced ability to degrade extracellular matrix (ECM; e.g., basement membrane) [88] . EMT is characterized by repression of epithelial markers (e.g., E-cadherin) and expression of mesenchymal markers (e.g., vimentin, EMT transcription factors-SNAIL1/2, ZEB1/2, TWIST1) [88] . Accumulating evidence suggest that ABL kinases play a critical role in EMT. ABL1 promotes PDGF-induced EMT in colon cancer cells and claudin (tight-junction protein)-induced EMT in hepatocellular carcinoma cells, via p65 (DDX5)/β-catenin and RAF/ERK/SNAIL2/ZEB1 pathways, respectively [84, 89, 90] . Moreover, inhibition of ABL1/geminin suppresses EMT in breast cancer [70] . Melanomas originate from neural crest-derived melanocytes and, thus, do not undergo classical EMT; however, they are highly plastic and switch between differentiated and invasive states, which contributes to the high rate of metastasis and drug resistance [91] . This phenotypic shift is linked to BRAF V600E -induced switch in expression of EMT transcription factors from ZEB2/ SNAIL2, which display tumor-suppressive properties to TWIST1/ZEB1, which induces invasion and tumor growth [92] . Importantly, ABL1 and ABL2 activity is required for BRAF Vesicular Trafficking Cancer cells are dependent on cell surface receptor signaling which is regulated by endocytosis and trafficking of the receptors to the cell surface, processes dependent on vesicle trafficking. Moreover, cathepsin pro-invasive proteases, which are synthesized in the rough endoplasmic reticulum are transported to early endosomes, initially processed in late endosomes, and full activated in lysosomes, where they cleave intracellular and membranebound proteins, and old organelles/long-lived proteins (autophagy) [93] . ABL proteins regulate multiple processes that are dependent on vesicle trafficking as they prevent EGFR endocytosis/degradation (in 293T and COS7 cells), induce transferrin (in rat hepatocytes) and B-cell receptor endocytosis, induce clustering of acetylcholine receptors at the neuromuscular junction (mouse muscle cells), and regulate phagocytosis [8, 94] . ABL kinases also promote autophagy in alveolar carcinoma cells by inducing lysosome/ autophagasome fusion [95] . Moreover, in breast cancer and melanoma cells, ABL kinases facilitate endosome maturation, which promotes trafficking of cathepsins and the NME1 metastasis suppressor (NM23-H1) to the lysosome, where NME1 is subsequently degraded by activated cathepsins [42] . Vesicular trafficking is also critical for protease secretion [93] . In cancer cells, cathepsin protein and mRNA is often dramatically increased, resulting in secretion of excess procathepsins which are subsequently activated in the tumor microenvironment and promote invasion and metastasis by directly and indirectly (e.g., via MMP activation) degrading the ECM [96] . Importantly, ABL kinases dramatically induce cathepsin expression and secretion by increasing mRNA expression, nuclear translocation and DNA-binding activity of key transcription factors (SP1, ETS1, RELA) [40• ].
Angiogenesis The process by which tumors co-opt endothelial cells to produce new blood vessels is a critical step in metastasis. In addition to promoting matrix degradation, and increasing motility, ABL proteins also impact on endothelial function. ABL kinases are activated by bFGF, and ABL inhibition prevents bFGF-induced human umbilical vein endothelial (HUVEC) tube formation [97] . Moreover, HUVEC cells expressing active ABL1 facilitate angiogenesis and subsequent tumor growth when they are co-injected with MDA-MB-231 breast cancer cells in a xenograft model [97] . NRP1, a non-catalytic receptor that binds VEGFR-2, is critical for endothelial cell signaling and angiogenesis. ABL1 forms a complex with NRP1, and NRP1 induces ABL1-mediated phosphorylation of paxillin to promote migration, vessel sprouting, and branching of retinal endothelial cells and retinal angiogenesis in a mouse model [98] . The VEGF-165 isoform, which binds VEGFR-2, has important roles in vascular permeability and vascular leakage, a key feature of tumor vasculature. The NRP1 cytoplasmic domain, promotes vascular leakage in a mouse model of neovascular disease by activating ABL1 within the VEGF-165 isoform complex [99] . Finally, data using conditional ABL1/ABL2 knockout mice demonstrate that the kinases are critical for TIE2/ANG1-induced endothelial survival and VEGF-induced endothelial cell permeability [100, 101] . Taken together, these data suggest that targeting ABL kinases could potentially reduce angiogenesis and vascular leakage, thereby improving drug delivery to tumors; however, clearly more data in cancer models are needed to substantiate this hypothesis.
Metastasis and Recurrence ABL kinases not only promote invasion and EMT, processes critical for cancer progression, but they also drive metastasis, in vivo, and are associated with disease recurrence. ABL1 and ABL2 promote lung colonization of melanoma cells via MMP, NME1, and cathepsinmediated pathways [40•, 42, 69] . ABL2 promotes intravasation and spontaneous lung metastasis of MDA-MB-231 breast cancer cells [64] . ABL1 and ABL2 promote breast cancer osteolytic bone metastasis (using a MDA-MB-231 bone metastatic subline) via TAZ (Hippo pathway) and STAT5A signaling pathways that induce MMP-1 and IL-6 secretion [43] . Moreover, ABL1/ABL2 also induce NSCLC metastasis to the bone, brain, and other organs and induce extravasation into the lung parenchyma via β-catenin and TAZ signaling pathways [102•] . In colon cancer cells, ABL1 auto-activation induced by NOTCH-DAB1 drives metastasis of intestinal tumors in mice lacking Apc and Aes (an inhibitor of NOTCH signaling) [57••] . Phosphorylated ABL1 also was identified as a protein associated with hepatocellular carcinoma early recurrence, using western blotting with primary tumor pools from 80 patients and 192 different antibodies [103] . Moreover, a recent study using a large population-based sample of primary breast cancers (discussed below; currently in review) demonstrates that low/negative ABL1/ABL2 activities in primary luminal A breast cancers is associated with eventual recurrence/metastasis, and ABL1/ABL2 activities are subsequently elevated in the matched recurrent/ metastatic samples [104] .
Therapeutic Resistance Accumulating evidence suggests that ABL kinase activation drives therapeutic resistance to targeted and cytotoxic agents. In breast cancer, ABL1 promotes resistance to tamoxifen, fulvestrant (downregulates ERα), aromatase inhibitors, lapatinib (EGFR/Her-2 inhibitor), as well as to conventional chemotherapeutics such as doxorubicin [105] [106] [107] [108] . Importantly, an ABL1 kinase domain mutation also was identified in a primary breast cancer postchemotherapy (doxorubicin) sample compared to the pretreatment sample (ABL1-P253H) [109] . ABL kinase activation also has been linked to radioresistance in head and neck cancer as β1-integrin depletion activates ABL kinases, and combination β1-integrins/ABL targeting induces radiosensitization [110] . Finally, using an unbiased siRNAbased screen, ABL1 also was identified as a determinant of resistance to cetuxumab-mediated antibody-dependent cytotoxicity in epidermoid cancer lines expressing EGFR [111] .
Regulation of Downstream Signaling
ABL kinases activate downstream signaling pathways to promote solid tumor proliferation, survival, migration/invasion, and metastasis, and many of these signaling pathways ultimately converge on the induction/activation of transcription factors. These pathways include STAT3/MMP-1 (melanoma) [69] , STAT5/TAZ/IL-6/MMP-1 (breast) [43] , TAZ/β-catenin (NSCLC) [102•] , BRAF/ERK (melanoma) [51••] , Scar/ WAVE/Ena/VASP (breast) [112, 113] , cortactin/Arp2/3 (breast) [85] , geminin (breast) [70, 71] , PLK-1 (cervical) [66•] , PCNA (breast) [114] , SNAIL,TWIST/ZEB1 (breast, melanoma, hepatocellular carcinoma) [80, 84, 90, 91] , cathepsin/NME1, (melanoma, breast) [42] , SP1/ETS1/NF-κB/ cathepsin (melanoma) [40•] , PKCδ/MMP-2 (hepatocellular carcinoma) [84] , p68/β-catenin (prostate, colorectal) [89, 115] , and TRIO-RHOA (colon) [57••] . Common mechanisms underlying activation of these pathways are described below.
Regulation of Enzymatic Activity and Complex Formation
ABL1-dependent phosphorylation of TRIO on Y2681 stimulates its RHOA GEF activity in colon cancer cells [57••] . ABL-dependent RAC/RHO activation also has been identified in breast cancer, and although the mechanisms have not been established, GEF phosphorylation (SOS, VAV, C3G) is a common mechanism of ABL-dependent RAC/RHO activation in a variety of cell types [62, [116] [117] [118] [119] . In addition to influencing enzymatic activity, ABL-dependent phosphorylation also induces the formation of signaling complexes such as those involving WAVE/cortactin/Arp2/3, lamellipodin/Scar/ WAVE, and lamellipodin/Ena/VASP [77, 81, 85, 86] .
Protein Stability An emerging ABL-dependent downstream signaling mechanism involves regulation of protein stability. In NSCLC cells, ABL kinases reduce the interaction of TAZ and β-catenin with β-TrCP, an E3 ubiquitin ligase that induces degradation of the transcription factors [102•] . In the case of β-catenin, ABL kinases activate AKT, which enhances GSK3β activity, thereby dissolving the destruction complex (AXIN-GSK3β-CK2, etc.), reducing interaction with β-TrCP, and increasing β-catenin stability [102•] . ABL1 also phosphorylates and stabilizes geminin and PLK-1, although the mechanisms have not yet been defined [66•, 71] .
Transcription Factor Expression and DNA-Binding Activity In addition to altering the protein stability of transcription factors, ABL kinases also induce transcription factor mRNA expression. In breast cancer cells, ABL1/ABL2 induce TAZ and STAT5A mRNAs, whereas in melanoma cells, they induce SP1 and ETS1 mRNAs; however, the mechanisms of upregulation have not yet been established [40•, 43] . In some melanoma cells, ABL kinases increase RELA mRNA expression via a kinase-independent pathway [6, 120] , whereas in other lines, ABL1/ABL2 do not alter RELA expression and instead induce its nuclear translocation via a kinase-dependent mechanism [40•] . Importantly, the authors also provide the first evidence that ABL1 and ABL2 dramatically increase the DNA-binding activities of SP1, ETS1, and RELA to cathepsin promoters in melanoma cells [40•] .
Do ABL1 and ABL2 Have Redundant and/or Unique Functions in Solid Tumors?
Due to the similarity in structure of the N-termini and divergence of the C-termini, one would predict that ABL1 and ABL2 may have overlapping as well as unique functions. Unfortunately, most publications to date have focused on either ABL1 or ABL2 and have not examined the role of both proteins in their studies. However, a few studies have queried both proteins and identified unique functions or pathways. For example, ABL2 (but not ABL1) promotes proliferation of some breast cancer cells (BT-549) [49] . However, in other lines (MDA-MB-231), ABL2 (but not ABL1) inhibits proliferation and tumor size, but induces invasion and metastasis by generating actin barbed ends in invadopodia and stimulating cortactin phosphorylation [64, 85] . Koleske and colleagues suggest that the differences in ABL1 and ABL2 function in invadopodia generation are due to their differential SH2 domain-mediated binding affinities for cortactin [86] . In another report, silencing ABL1 increases ABL2 expression and as a result does not reduce bone metastasis using a MDA-MB-231 bone metastasis variant [43] . However, an shRNA targeting ABL1 and ABL2 produced better anti-metastatic effects than targeting ABL2 alone and reintroduction of either ABL1 or ABL2 was sufficient to rescue the phenotype [43] . These data indicate critical compensation between ABL1 and ABL2 and highlight the need to investigate the role of both proteins. In melanoma cells, although both ABL1 and ABL2 are required for invasion, they do so via distinct pathways: ABL1 drives STAT3-dependent induction of MMP-1, whereas ABL2 induces MMP-3 and MT1-MMP independent of STAT3 [69] .
Tumor-Suppressive Roles in Solid Tumors
ABL1 was initially identified as a tumor suppressor based on overexpression studies in COS7, NIH3T3, and Rat-1 cells [121] ; however, their oncogenic functions now are wellestablished (reviewed in [5] [6] [7] [8] ). Interestingly, data in solid tumors suggest ABL1 may have oncogenic or tumorsuppressive roles depending on the cellular context. Understanding these opposing roles is key to identifying tumor types/subsets that are likely to benefit from anti-ABL therapies.
Prostate Cancer and GBM ABL1/2 promotes invasion and prostate cancer aggressiveness [46, 115, 122] ; however, other data suggest they inhibit progression. For example, upregulation of miR-20a in aggressive prostate cancers promotes migration and invasion of PC-3/DU145 cells by inhibiting ABL2 expression [83] . Likewise, depletion of integrin α3β1 increases RHOA/YAP/TAZ activation and prostate cancer invasion/metastasis by inhibiting ABL1/ABL2 signaling [123] . Similarly, although ABL1 activation promotes invasion in some GBM models [52••] , permanent silencing of ABL1 in PC-3 cells increases invasiveness, although it also simultaneously inhibits proliferation, tumor growth, and stem cell features [67] . Thus, ABL kinases may promote or inhibit invasion depending on the signal and may act to switch cells between invasive and proliferative states.
Breast Cancer Despite overwhelming evidence that ABL kinases promote breast cancer development and progression [42, 43, 48, 54, 56, 63, 65, 70, 71, 81, 87, 106, 114, 124, 125] , there also is a growing body of evidence suggesting they also may have tumor-suppressive roles, in some instances. For example, EphB4 activation of ABL kinases inhibits MDA-MB-435 proliferation, invasion, and tumor growth (using imatinib) [126] . Similarly, overexpression of the Ras effector protein Rin1, an ABL1 activator, suppresses MDA-MB-231 invasiveness, and expression of a mutant form that inhibits ABL1 function, cannot suppress invasion [127] . These results contrast with reports showing that silencing ABL1/ABL2 prevents MDA-MB-231 cell invasion [56, 81, 87, 128] , and EphB4 activation of ABL kinases in human embryonic neural stem cells promotes self-renewal and proliferation [129] . These data are consistent with the notion that ABL kinases promote proliferation/invasion downstream of factors that induce these processes and inhibit proliferation/invasion in response to molecules that oppose these processes, thus, likely integrating the signals [69] . Interestingly, silencing ABL2 (ABL1 was not investigated) increases proliferation and MDA-MB-231 xenograft tumor size but prevents invasion/ metastasis [64] , similar to the opposing functions described above for ABL1 in GBM cells [67] . Thus, ABL kinases also may regulate the switch between proliferative and invasive states to facilitate motility and prevent proliferation during EMT and induce proliferation and suppress motility once cells arrive at the metastatic site (MET) [69] .
Indeed, ABL kinases promote EMT in response to some signals (described earlier) and induce MET in other instances. For example, Schiemman and colleagues demonstrate that inhibition of ABL kinases in non-tumorigenic, murine NuMG cells paradoxically promotes EMT, whereas expression of a constitutively activated ABL1 form, in mesenchymal murine 4T1 breast cancer cells, induces MET [130] . Moreover, in a subsequent report, the authors show that expression of constitutively active ABL1 in 4T1 cells induces TGF-β secretion and subsequent reactivation/expression of TP53 (p53), and low levels of ABL1 mRNA were associated with reduced relapse-free survival in basal-like breast cancer patients [131] . These results contrast with other data demonstrating that high ABL1 mRNA levels correlate with bone metastases [43] , and ABL1/ABL2 kinase activities (assessed using immunohistochemistry-IHC and phospho-CRKL antibody; read-out of activity) [42, 69] are increased in basal-like breast cancers as compared to other subtypes [42] . In a followup study, Schiemann and colleagues found that ABL1 is predominantly nuclear and acts as a tumor suppressor in breast cancer cells harboring wild-type p53 (e.g., luminal A MCF-7 cells) and is cytoplasmic and oncogenic in p53 mutant cells (e.g., basal-like MDA-MB-231 cells) [48, 132] . Moreover, expression of TTK, which causes ABL1 cytoplasmic retention [58] , is reduced in MCF-7 cells and elevated in MDA-MB-231 cells, and expression of TTK into MCF-7 cells induces 3D growth, whereas TTK knockout in MDA-MB-231 cells inhibits 3D growth and sensitizes cells to DPH-(activates ABL1) induced growth inhibition [132] . The authors indicate that these differences between the subtypes are likely mediated by p53 and suggest that nuclear ABL1 acts as a tumor suppressor in p53-wild-type breast cancers (luminal A) and cytoplasmic ABL1 is oncogenic in p53-mutant breast cancers (basal-like) [132] . However, p53 was not definitively linked to TTK/14-3-3-mediated cytoplasmic retention of ABL1 [132] .
A manuscript currently under review also demonstrates striking differences between ABL kinase activities in ER + / PR + and triple-negative subtypes. The researchers tested whether ABL kinase activities are altered during breast cancer progression using a population-based sample of breast cancer cases (patients diagnosed/treated from 2000 to 2007; n = 475) [104] . Interestingly, ABL1/ABL2 activities (pCRKL, IHC) were low/negative in ER + /PR + tumors (at the time of diagnosis) from patients who eventually developed a recurrence/ metastasis as compared to primary tumors (at diagnosis) from patients who did not recur [104] . Moreover, ABL1/ABL2 activities were dramatically elevated in the matched recurrent samples [104] . In contrast, in the basal-like, triple-negative subtype, there was a trend towards elevated ABL1/ABL2 activities in the primary tumors from patients that recurred as compared to those that did not recur, and ABL1/ABL2 activities were further increased in 3/4 recurrent/metastatic samples. These data indicate that early in the disease process, ABL kinases likely induce EMT in the basal-like subtype but prevent EMT in the ER + /PR + subtype. Moreover, once cells have reached the metastatic/recurrent site, ABL1/ABL2 activation is likely critical for proliferation/survival of both subtypes. Future experiments are needed to determine whether p53 status and ABL1 subcellular localization drive the differences observed between the subtypes. Moreover, additional studies are needed to confirm the exciting possibility that low/ negative pCRKL staining in ER + /PR + tumors (or high pCRKL staining in basal-like tumors) are biomarkers for breast cancer recurrence.
Clinical Targeting in Solid Tumors
Although ABL inhibitors are utilized in solid tumors to block activation of other targets such as KIT, PDGFR, or SFKs, only a few clinical trials have been initiated with the purpose of specifically targeting ABL kinases. ABL001 is being tested for patients with advanced solid tumors (NCT03292783); cetuximab + nilotinib has been initiated for colon cancer (NCT01871311), and nilotinib + paclitaxel (NCT02379416) is being tested for patients with relapsed solid tumors. However, unfortunately, these trials have not limited participation to patients with tumors expressing activated ABL kinases. It is not possible to accurately assess the efficacy of targeting ABL kinases, without using a targeted patient population, since tumors lacking ABL kinase activation are unlikely to respond (or may respond in an opposite manner), and ABL kinases are not activated in all tumors of a particular type. A phase I/II trial using imatinib + panitumumab (EGFR inhibitor) did allocate patients to the study arm on the basis of activation/phosphorylation of imatinib (first-generation TKI) targets using reverse phase protein microarray (RPPA) on laser capture microdissected samples [133] . Although the trial was small, and no benefit was noted, it does provide a methodology for identifying a targeted population [133] .
Conclusions
Emerging evidence indicates that ABL kinases play important roles in solid tumors and drive tumor proliferation and metastasis. Since numerous drugs targeting ABL kinases are either FDA approved or are in clinical development for leukemia, repurposing these drugs for use in solid tumors is extremely attractive. However, since ABL kinases may serve as key nodes that integrate pro-and anti-proliferative and as well as EMT/MET states in some tumor types (e.g., breast cancer, GBM), more research is needed to understand their roles in these opposing processes. Over the past year, significant progress has been made towards this goal; however, additional studies clearly are needed. Moreover, biomarkers are required to define patient populations that may benefit from anti-ABL therapy, such as phosphorylation of key downstream targets (e.g., pCRKL) protein upregulation (if sufficient to drive the disease), ABL1/ABL2 mRNA signature, or development of highly specific anti-ABL1/ABL2 phospho-specific antibodies (current available antibodies cross-react with RTKs).
